In this paper, a dynamic explicit method was used to simulate U-bending processes of aluminium and its springback. The simulation was carried out using a free software of finite element analysis code namely Impact. The model was taken from a benchmark model in Numisheet'93. The numerical results of the dynamic explicit code were compared with the results of the experimental works. After the optimization was done using the simulation process, it was found that the springback results showed a good agreement with that done by the experimental results. The software Impact was capable of simulating the U-bending processes and predicting the occurrence of springback.
Introduction
Sheet metal forming (SMF) processes are shaping operations performed on a metal sheet. In SMF, springback always occurs where the shaped material has elastic property. Springback has become a crucial issue in the stamping field since it significantly infoluence the designed shape of the formed product. Modern FE codes for SMF and springback simulation have shown promising to produce a good result compared to the experimental [1, 2] . Some of engineering codes which can be used for SMF simulation are Abaqus Implicit/Explicit, PAM-STAMP, LS-DYNA, Altair HyperForm and AutoForm [3] .
Dynamic explicit of finite element (FE) analysis have proved to be useful for sheet metal forming simulation [4] . In an explicit method, the stiffness matrix based on the geometry changes and material changes will be updated at the end of each increment. Then a new stiffness matrix is constructed and the next increment of displacement or load is applied to the system. Rojek et al. [5] have presented the system of discretized equations of motion as follows:
where M and D are the mass and damping matrices, respectively. is the nodal displacement vector. f and p are the vectors of external and internal nodal forces, respectively. At time t n the solution for the next time is t n+1 = t n + ∆t. In the explicit formulation, the use of a diagonal mass matrix is becoming an effective solution.
The dynamic analysis of sheet forming can be extended to investigate the springback. In the last forming, the final deformation is obtained. To deliver the springback results, all boundary conditions are removed. An additional damping is necessary in dynamic explicit analysios to obtain a steady state solution.
In this paper, a free and open source software namely Impact was selected to simulate the Ubending sheet and predict the springback. The Impact is a FE code which is based on an Explicit Time stepping algorithm [6]. The code was written in Java.
Simulation of U-bending and Springback
The benchmark problem of Numisheet '93 was selected in this analysis because of its availability in the assembly which is consisting of a punch, holder, die and blank sheet as shown in Fig. 1(a) . The main focus observation was on the blank sheet, hence the blank was designed as a deformable part and the others were contact elements, as shown in Fig. 1(b) .
The blank was modeled as a deformable mesh containing 800 elements as shown in Fig 1 (b) . The material was Aluminum with a thickness of 1.0 mm. The Young's modulus, yield strength and Poisson's ratio were 68 GPa, 110 MPa and 0.3, respectively. The maximum stroke of the punch was 76 mm in y-direction from the blank position. The punch velocity was set to 4 m/s, whilst the time was from 0 to 35 ms. When the punch has reached the maximum position at 76 mm, the velocity was set to zero, and then the fix boundary condition was applied to all nodes in the mirror line of blank or the center position until a time of 35.1 ms. During the loading, the internal force was recorded to show the springback effect. All loads were released off using OFF code on the boundary conditions. The friction coefficient was 0.3 for the contact between the punch and blank sheets and between the holder and blank. There were four steps in the forming simulation of U-bending. In step 1, the movement was initiated by moving the holder to the blank. In step 2, the punch moved down to deform the blank until a maximum deformation for about 76 mm. In step 3, the clamps were added to the symmetric edge of the blank. In step 4, all the contacts were removed allowing the blank to experience springback. During the forming process, node 10 was observed by tracking the points which reference to the blank movement as shown in Fig. 2 . The binder pressed the blank sheet and the punch moved down to bend the blank. The last step was to move out the binder, punch and die. Then the deformed blank is let to reach equilibrium due to elasticity.
In the simulation, the optimization was conducted to determine the punch velocity as the first boundary condition. It was started from 1, 2, 3, 4, 5 ,6, 7, 8, 9 to 10 m/s. To reach the punch stroke of 76 mm, the time was set to 80, 65, 55, 35, 20, 10, 5, 2, 0.7, 0.2 ms. The lowest springback was delivered by a velocity of 4 m/s and time of 35 ms. Simulation failed and stopped when using the velocities of 8, 9, and 10 m/s. The optimization was then continued to determine the second boundary condition. That was aimed to control the blank holder, punch, and die during loading and unloading processes. The optimum parameters of the boundary condition can be seen in Table 1 . The symbol ax, vz, vry are the name of constraint. The value of constraint can be written using ax = value. The component of the constraint value can be either a simple number (constant) or alternatively a variable over time defined as [t 1 ,y 1 ,t 2 ,y 2 ,...,t n ,y n ], where y 1 is the value at time t 1 Fig 2(a) . shows the movement of node 10. It was fluctuating in y-direction during forming time in the range of 0-35 ms as shown in Fig. 2(a) of forming or loading area. The phenomenon is caused by the binder design which cannot cover the blank sheet. Therefore, the open area of the blank sheet is able to move in the y-direction as seen in Fig. 2(b) . After the removal of the contacts, the springback phenomenon can be seen in node 10. It was given a springback value of 11.7 mm. 
Experimental Investigation
An experimental study of U-bending was carried out to verify the springback result obtained by the dynamic explicit code. The material properties and dimensions of the experimental specimen are identic with the FE model. Forming process was conducted by moving the punch down very slowly. Then the punch, binder and die were removed and the deformed part will be springback freely. Applied Mechanics and Materials Vol. 660 Fig. 3(a) shows the formed part after springback. The measurement of springback was conducted on the tip of the flange as illustrated in Fig. 3(b) which is the highest springback as predicted by FE analysis. The springback of the tip is 12.6 mm. Another measurement was then conducted to the center of the model in 10 points position as shown in Fig. 4. (a) (b) Fig. 3 
(a) Experimental results of U-bending; (b) Springback measurement strategy

Results and Discussion
According to the experimental results, the bottom figure in Fig. 3(a) shows a good result as expected. Whilst, the upper figure in Fig. 3(a) shows an unexpected result due to the blank was sliding during the forming process. In this study, however, the effect of the blank sliding on the springback was reduced. To minimize the blank sliding, the punch speed can be set very slowly and the blank holder force can be increased. In the present work, the punch was set to move slowly, whilst the blank holder was set constant. Fig. 4 . The highest springback appeared at the tip of the flange, which is 12.6 mm for experimental work and 11.7 mm for FEM result. The overall springback results of FEM were lower than than that of the experimental work. The difference result can be influenced by several factors such as friction coefficient, punch speed and blank holder force. According to the observation of the difference results, the degree of error between FEM and experimental result has produced a highest value at point 4 with 34.7 %. The lowest error was at point 10 with 7.1 %, which is located at the tip of the flange. From the overall error, the mean value of error was 17.9 %. This result is sufficiently good for a free software used to predict springback compared to commercial softwares which cost thousands dollar. For further studies, the error can be minimized by conducting parameter optimizations on the simulation stage.
Fig. 5 Degree of error of springback between FEM and experimental work
Conclusion
The dynamic explicit analysis of Impact software was used to test a U-bending of sheet metal forming. By giving an optimum parameter, the dynamic explicit produced a good result when compared to the experimental results. Therefore, the free software can be considered as a suitable tool for springback prediction in the sheet metal forming process. Further tests of the software for simulating the 3D model of sheet forming and tailored welded blank are in the progress. 
